Abstract. Carotid angioplasty and stenting is a minimally invasive endovascular procedure that may benefit from in vivo high resolution imaging for monitoring the physical placement of the stent and potential complications. The purpose of this pilot study was to evaluate the ability of optical coherence tomography to construct high resolution 2D and 3D images of stenting in porcine carotid artery. Four Yorkshire pigs were anaesthetized and catheterized. A state-of-the-art optical coherence tomography (OCT) system and an automated injector were used to obtain both healthy and stented porcine carotid artery images. Data obtained were then processed for visualization. The stateof-the-art OCT system was able to capture high resolution images of both healthy and stented carotid arteries. High quality 3D images of healthy and stented carotid arteries were constructed, clearly depicting vessel wall morphological features, stent apposition and thrombus formation over the inserted stent. The results demonstrate that OCT can be used to generate high quality 3D images of carotid arterial stents for accurate diagnosis of stent apposition and complications under appropriate imaging conditions.
Introduction
Atherosclerosis is a disease where atheroma is deposited within the vessel wall. The atheroma is composed of variable amounts of macrophages, lipids, fibrous tissue and calcium. Depending on the composition of the lesion, the American heart Association has classified atherosclerosis from I to VI, with V and VI being considered to be high-risk lesions. [1] [2] [3] Carotid artery atherosclerosis is an important cause of ischemic stroke. 4, 5 Patients with symptomatic high grade carotid stenosis benefit from revascularization. 6, 7 Treatment modalities include surgical intervention, such as the resection of diseased tissue called carotid endarterectomy (CEA) or endovascular treatment such as carotid angioplasty and stenting (CAS). 8 The coronary artery has been successfully imaged by OCT in various studies. 9 Carotid arteries, however, having large diameters and high blood flow rate, are not easily imaged with conventional Time Domain OCT systems owing to their slow imaging speed. There were only a handful of studies attempting to image the carotid artery in vivo. 10, 11 Recently, a new state-ofthe-art OCT system (Lightlab Imaging, St. Jude Medical Inc. St. Paul, Minnesota, USA) has been cleared by the FDA for clinical use in coronary imaging. With this high speed OCT system, a pilot study has been conducted on human to image stented carotid arteries after their CAS procedures. 12 Images obtained could clearly show the vessel wall anatomy and could delineate the degree of stent apposition to the vessel wall, plaque prolapse through the stent tines and the presence of a dissection flap (i.e., a tear in one of the layers of the vessel wall) or mural thrombus. These are promising results. To date, however, no animal studies on OCT imaging of carotid arteries using the state-of-the-art high speed OCT system have been conducted and experimental details have not been fully optimized. In the study described above, un-occluded saline or contrast injection was quickly ruled out because of several unsuccessful attempts and the images were obtained using two occlusion balloons in the common and external carotid arteries. Our study reported in this paper therefore, was in part to define blood clearing technique to improve OCT imaging. If a proper blood flushing protocol is not developed there are side effects such as stroke, aneurysm, and poor image quality. In this pilot study, 4 pigs were used to optimize the OCT carotid artery imaging protocol. The overall aim of this pilot study was to validate the true feasibility of OCT carotid artery imaging using an optimized blood clearing protocol and from the data obtained, to generate 3D data sets of stent deployment to improve the accuracy as well as monitoring of stent deployment.
Materials and Methods
In this study, six month old 50 kg pigs (n ¼ 4) were used. Each animal was ordered one week before the experiment to allow for acclimatization. All of the procedures were done with anesthesia using ketamine and continued heart rate and blood pressure monitoring. A right groin dissection to expose the femoral artery was performed and an 8F short femoral sheath was inserted. Under fluoroscopic guidance a 5F Berenstein diagnostic catheter with a 0.035 in guidewire was used to catheterize the common carotid artery (CCA). With a standard exchange maneuver a 6F long angiographic sheath (Shuttle, Cook, USA) placed in the mid CCA. A power injector was used for injection of saline or saline with contrast for blood clearance purpose during OCT. An embolization protection device (AngioGuard, Cordis, USA) was then advanced through the 6F sheath and successfully deployed in the distal CCA. The monorail OCT imaging catheter was advanced over the AngioGuard wire into the desired position. After image acquisition, the OCT catheter was removed and a monorail system vascular stent was advanced and successfully deployed. The OCT imaging probe was then re-inserted to acquire volumetric data sets of the stent after deployment. Figure 1 shows the schematics of the catheter system setup.
OCT imaging was performed by the recently FDA approved Fourier Domain OCT system with the use of the monorail imaging catheter Dragonfly (Lightlab Imaging, St. Jude Medical Inc. St. Paul, Minnesota, USA) that employs a rotary scanning mechanism in the radial direction and a pull-back scanning mechanism in the axial direction along the artery. The Fourier Domain OCT system employs a swept-source laser with center wavelength of ∼1300 nm that is capable of 50000 sweeps per second, has an axial resolution of 15 μm resolution and can perform 3D rotary imaging up to 100 frames per second. An automated injector was used to inject saline or saline with contrast (Omnipaq) via a three-way stopcock to flush and clear blood during OCT imaging. Different injection schemes were tested to ensure optimized image quality for a typical 30 mm carotid plaque length.
The data obtained were then processed, where visual comparison between data sets would allow for the determination of the best injection scheme. Due to the pulsation of the heart beat cycle and the finite duration of the pullback mechanism, the position of the carotid artery would fluctuate between each frame. The frames can be co-registered by rigid translation using cross correlation analysis between each frame. 13 After the frames were co-registered, the data was imported into a 
Results
Different imaging catheter pullback speed and contrast/saline injection rate were tested. In general, no noticeable difference was observed between pure saline and saline with contrast and pullback speed equal to or below 6 mm∕s and contrast/ saline injection rate of 5 ∼ 8 cc∕s would give the best results. Therefore, normal carotid artery imaging was optimized at ∼6 cc∕s contrast/saline injection rate at a pullback speed of ∼5 mm∕s. The consequence of using higher injection speed or pullback rate will be presented in discussion section. Figure 2 shows the OCT image of normal porcine carotid artery. Figures 3 and 4 show a representative hematoxylin and eosin (H&E) staining and elastin trichrome staining of the porcine carotid artery wall, respectively. The OCT image clearly delineates the media, the external elastic lamina and the adventitia. In a recent study by our group, it was also 
demonstrated that EV-OCT can potentially detect vasa vasorum in vivo. 14 Figure 5 shows a representative image of vasospasm of porcine carotid artery. A 3D reconstruction of the spasm segment is shown in Fig. 6 . Note that the EV-OCT provides 2D cross-section views of the endovascular structures of pig carotid artery, where the data obtained by the pullback can also help form 3D rendering visualization of the carotid artery, allowing physicians to evaluate the size, morphology and distinctive features of the vessel wall for clearer and more efficient diagnosis. To demonstrate the rich information contained in a 3D data set of EV-OCT data, Fig. 7 shows the 3D rendering view of a flattened adventitia layer of the porcine carotid artery obtained by vessel wall surface detection and alignment. From the flattened view, a distinctive network of channels is very clearly present in the image, which otherwise would not be visible in a cross-sectional rotary view of carotid artery EV-OCT. Figure 8 also shows the side view of the flattened adventitia.
Upon the optimized protocol for EV-OCT imaging, CAS was performed using standard carotid artery stents. Figure 9 shows a representative stent image using pullback speed of 5 mm∕s and flush injection rate of 5 cc∕s. From the image, the stent apposition can be clearly discerned. The image sequence was used to construct a 3D rendering of the stent. A representative rendering is shown in Fig. 10 (fly through video) . Not only can a 3D rendering of OCT images visualize stent apposition, but it can also visualize complications such as blood clot and fibrin formation over the stent. A representative image is shown in Fig. 11 , with a representative 3D rendering shown in Fig. 12 (fly through video).
Discussion
Atherosclerotic plaque characterization in the coronary arteries has been extensively studied with intravascular ultrasound, and OCT has emerged more recently as a valuable tool in predicting the risk of potential rupture. 15, 16 On the other hand, carotid plaques have been mainly studied with ultrasound, computed tomography angiography or MRI. [17] [18] [19] OCT has the potential to expand our understanding of the individual risk of stroke from a carotid plaque.
During the experiments, the pullback speed of the imaging catheter was limited to 6 mm∕s and the injection rate of the saline/contrast was limited to 5 cc∕s. Higher contrast injection rate would induce high frequency vibration of the imaging catheter and would result in image jittering as shown in Fig. 13 . However, there are image artifacts, most noticeably double reflection that one must beware of (an example is given in Fig. 14) . These artifacts should not be misinterpreted as features as this can possibly lead to false-positives.
From Fig. 2 , the image clearly demonstrates that EV-OCT is capable of providing high resolution images in high blood flow vessels such as the carotid artery. This can be further confirmed by the H&E and elastin trichrome staining histology in Figs. 3  and 4 . The media, external elastic lamina and the adventitia are well correlated with histology. An example of vasospasm, which is a focal reduction in the vessel lumen secondary to contraction of the vessel wall smooth muscle, was imaged by EV-OCT and shown in Fig. 5 . In the wake of rapidly advancing computer speeds and display technologies, manipulation of EV-OCT data in the domain of 3D visualization can prove to be valuable in evaluation of conditions in the carotid artery. Figure 6 shows the 3D rendering of the vasospasm segment. This may allow clinicians to fully appreciate the extent and nature of the luminal narrowing. Further manipulation of EV-OCT data can also bring out interesting information. In Fig. 7 , the flattened view of the carotid artery adventitia shows distinct channels in half of its surface area. These channels are suspected to be nerves since the water content in peripheral nerves are high and as such have a low back scattering coefficient. Therefore, the nerves would appear as dark channels. Figure 8 shows the side view of the adventitia, in contrast to the view in Fig. 7 , the other half of the area of the adventitia is comprised mainly of laminar structures. Therefore EV-OCT has the potential to further our understanding on the physiological responses of the cardiovascular system in correlation to its anatomical features.
In order to enhance diagnostic efficiency and evaluate the overall apposition of the carotid stent, a 3D view of a stented vessel is indispensable. Tearney et al. have previously accomplished a considerable body of research on this aspect in a previous study using OCT systems. 20 However, for carotid artery, a faster and more robust OCT system is needed for 3D reconstructions due to the high blood flow rate and larger vessel diameter. With the Fourier Domain OCT system, complete 3D views of the stent after CAS using intensity thresholding were obtained (Fig. 10) . The degree of apposition of the stent to the vessel wall is clearly depicted. This was due to the fact that metal stents pose a much lower probability of direct back reflection of light into the imaging catheter (due to surface curvature) than the vessel lumen surface. Thus when mapping to colors corresponding to lower intensity values, they can be clearly distinguished from the vessel wall tissues. Not only can the stent be clearly visualized, but also stent associated bland thrombus formation can be clearly identified (Fig. 12) . This is possible as blood and thrombus are highly scattering media.
The ability of EV-OCT to image the carotid artery and to generate 3D visualization of the stented artery was demonstrated in this study. The optimal flushing and imaging protocols were also developed. Further study should be carried out in pig models of different stages of carotid atherosclerosis to generate an atlas to provide a complete description of the disease progress, as well as on stenting in diseased artery to evaluate possible complications of CAS.
Conclusion
In this study, endovascular carotid imaging protocols were optimized to obtain suitable image quality without flow occlusion. EV-OCT was also demonstrated to be capable of generating high-resolution images of both healthy and stented pig carotid arteries. Pathologically relevant features were correlated to identify EV-OCT biologically relevant tissue structures. Furthermore, 3D rendering of stented carotid arteries were generated, clearly visualizing stent apposition. This technique has the potential to provide a higher level of accuracy for the evaluation of carotid stent deployment and its associated immediate complications.
